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Lead is widely recognized as one of the most pervasive environmen-
tal health threats in the United States, and there is increased con-
cern over adverse health impacts at levels of exposure once consid-
ered safe. Lead contamination of tap water was once a major cause
of lead exposure in the United States and, as other sources have
been addressed, the relative contribution of lead in water to lead
in blood is expected to become increasingly important. Moreover,
prior research suggests that lead in water may be more important
as a source than is presently believed. The authors describe sources
of lead in tap water, chemical forms of the lead, and relevant U.S.
requlations/quidelines, while considering their implications for hu-
man exposure. Research that examined associations between water
lead levels and blood lead levels is critically reviewed, and some of
the challenges in making such associations, even if lead in wafer is
the dominant source of lead in blood, are highlighted. Better pro-
tecting populations at risk from this and from other lead sources is
necessary, if the United States is to achieve its goal of eliminating
elevated blood lead levels in children by 2020.

KEY WORDS: blood lead level, correlation, health effects, dis-
solved lead, particulate lead, plumbing, regulations, tap water

I. INTRODUCTION

Lead (Pb) is widely recognized as one of the most pervasive environmental
health threats in the United States. Dramatic progress has been made over
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the last four decades to reduce lead exposure from gasoline, paint, dust,
food/drink cans, and drinking water (Shannon, 1996). However, despite
reduced exposure from nearly all sources, clinical evidence has demon-
strated adverse health impacts at blood lead levels once considered safe
(Fadrowski et al., 2010; Jusko et al., 2008). As a result, while the incidence
of elevated blood lead (EBL) has markedly decreased, public sensitivity and
medical concern about even low-level lead exposure has increased. In or-
der for the United States to achieve its goal of eliminating all instances
of EBL in children by 2020 (U.S. Department of Health and Human Ser-
vices, 2010), improved understanding of exposure to all lead sources is
necessary.

Defining a typical case for childhood lead exposure can be misleading,
because lead exposure affects individuals whose behavior and environments
are infinitely variable. Nonetheless, it is often stated that in the typical case,
drinking water consumption is believed to account for up to 20% of total
lead exposure nationally (U.S. Environmental Protection Agency [US EPA],
1993). But the US EPA also acknowledged that for infants consuming formula
it may account for more than 50% of their total lead exposure, and further
predicted that the relative importance of lead in water as a source would
increase as other lead sources were being addressed (US EPA, 1991). Recent
work has demonstrated that in some cases, lead from water can be the dom-
inant source of exposure in children with EBL. For example, isolated cases
of childhood lead poisoning in North Carolina and in Maine were tied to
drinking water (Triantafyllidou et al., 2007). In addition, a 2009 study linked
a period of very high lead-in-water contamination in Washington, DC, with
increased incidence of EBL for the youngest children tested (Edwards et al.,
2009). Finally, the Centers for Disease Control and Prevention (CDC) publi-
cized preliminary results of an epidemiological study, which demonstrated
associations between children’s EBL and partially replaced lead water pipes
(Frumkin, 2010).

The goal of this work is to conduct a critical review of the literature,
with emphasis on the following:

» The release of hazardous levels of lead in tap water from old lead-bearing
plumbing materials;

» Lead contamination of tap water as a public health concern even in mod-
ern buildings, and in cities that might meet federal regulations for lead in
tap water;

+ The absence of federal regulations for lead in drinking water of US.
schools and day care facilities;

» The difference between dissolved and particulate lead release into tap wa-
ter, and the challenges in monitoring and exposure assessment associated
with the particulate lead fraction;
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+ Some of the challenges in associating water lead levels (WLLs) to blood
lead levels (BLLs) in population studies or in case studies;

» Important aspects of population studies that did, or did not, find associa-
tions between lead in water and lead in blood.

I1. SOURCES AND POTENTIAL IMPORTANCE OF LEAD
IN TAP WATER

Sources of Lead in Tap Water

Drinking water usually contains little or no lead when it leaves the water
treatment plant and as it travels through water mains (Figure 1). But as it
enters building plumbing through service line connections, it may come into
contact with lead-containing plumbing materials (Figure 1). These materials
include lead pipe, lead-containing solder used to join copper and other
metallic pipes together, and plumbing devices made of lead-containing brass
(e.g., water meters, valves, components in water fountains and in faucets;
Figure 1). As water flows through or sits stagnant in the pipes and in other
plumbing devices, it can become contaminated with lead through a variety of
complex electrochemical, geochemical, and hydraulic mechanisms (Schock
et al., 1996). Lead that is released from the plumbing can contaminate water
at the tap in one of two forms: as particulate lead or as dissolved lead
(Figure 1). Ingestion of lead-contaminated water is a direct pathway to lead
exposure (bathing and showering with that water are not expected to cause
health problems because human skin does not absorb lead in water; CDC,
2010a).
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FIGURE 1. Potential sources of lead contamination in tap water of homes, schools, and other
buildings.
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LEAD PiPE

Lead pipe was used for the conveyance of drinking water, because it is eas-
ily formed, cut, and jointed, and because its flexibility provides resistance to
subsidence and frost (Schock et al., 1996). An advertisement by the National
Lead Company in 1923 (Anonymous, 1923) illustrated that in many cities
the law required that lead pipe alone be used to bring water from street
mains into the building. Use of lead pipe in service lines was standard prac-
tice in many U.S. cities through the 1950s, and despite well-known health
concerns was even occasional practice until the Congressional ban effec-
tive 1986. Considering health impacts from drinking water contamination,
one historian characterized use of lead pipes in major cities as one of the
most serious environmental disasters in U.S. history (Troesken, 2006). Even
though the use of lead pipe in service lines or premise plumbing was prohib-
ited in the United States by the Safe Drinking Water Act (SDWA) amendment
of 1986 (US EPA, 2006a), older buildings may still be connected to lead
service lines, lead goosenecks, and other pure lead components. Depend-
ing on their length and diameter, water corrosivity, water use patterns and
hydraulic patterns, lead service lines generally account for 50-75% of lead
contamination at the tap in older homes where they are present (Sandvig
et al., 2008).

PARTIALLY RePLACED LEAD PiPE

In the United States, ownership of the lead pipe in service lines is typically
shared between water utilities and homeowners. The controversial and ex-
pensive practice of replacing the utility’s portion of an old lead service line
with copper, while leaving behind the customer’s portion, has been con-
ducted in many cities with the purported goal of reducing lead in drinking
water at the tap. Such replacements are termed partial lead pipe replace-
ments. This practice can actually increase water lead concentrations at least
in the short term (days to weeks), and for an undetermined duration beyond
that time (Sandvig et al., 2008). The short-term effect is due to disturbance
of the lead rust (i.e., corrosion scale) that has accumulated on the lead pipe
over decades/centuries of use, or from creation of metallic lead particles
when the lead pipe is cut. Recent research has also shown that in some
situations, the creation of a galvanic cell (i.e., battery) between the lead pipe
and the copper pipe may create serious water lead contamination in both
the short term and longer term (Triantafyllidou et al., 2009a), confirming
long-held concerns (Chambers and Hitchmough, 1992). This might explain
the higher incidence of EBL in children living in homes with partially re-
placed lead pipe, when compared with homes with full lead pipes (Frumkin,
2010).
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LEAD SOLDER

Solder is a fusible metal alloy that is melted to join metallic plumbing mate-
rials together in a strong and water-tight seal (Figure 1). An increased lead
content in the alloy improves ease of use and reduces leaks, and solder
containing 40-50% lead by weight was used in U.S. buildings until banned
in 1986. Thereafter, only lead-free solder, containing less than 0.2% lead by
weight, was allowed in buildings. Lead solder is still available in hardware
stores because it is legal for use in hobby electronics, and plumbers still ille-
gally use lead solder in some new buildings in the United States (Goss, 2008)
and in Scotland (Ramsay, 2003). In fact, a Scottish study found links between
illegal use of leaded solder in new homes and blood lead of residents (Ram-
say, 2003). The contribution of lead solder to lead in water at a given tap
is extremely variable, and is dependent on the number of joints, their age,
workmanship when the joint was created, surface area of the solder exposed
to water at each joint, and the water chemistry (Sandvig et al., 2008). Recent
cases of childhood lead poisoning from drinking water in North Carolina
and in Maine were tied to lead solder particles that corroded and detached
into the water supply (Triantafyllidou et al., 2007).

BrAss (AND BRONZE) PLUMBING COMPONENTS

Brass and bronze are copper alloys that contain lead. Historically, lead
was added to these alloys to reduce leaks (Showman, 1994). According to
congressional definition, lead-free brass components (e.g., strainers, check
valves, water meters, couplings, fittings, faucets, drinking fountains, bub-
blers, water coolers) used in modern homes can legally contain up to 8%
lead by weight (Figure 1). The contribution of a brass component (e.g., a
faucet) to lead levels measured at the tap depends on the lead content of
the brass (typically ranging from 1.5 to 8% by weight), the volume of water
in contact with the faucet, the physical configuration of the faucet and how
it was manufactured, and the water corrosivity and water flow conditions
(Sandvig et al., 2008).

Recent problems with persistent lead contamination of tap water (up
to 300 pg/L lead) in new buildings at the University of North Carolina at
Chapel Hill were attributed to lead-free brass/bronze ball valves, installed
before drinking water fountains. Locating and removing these ball valves
was necessary to eliminate the lead problems at the fountains (Elfland et
al., 2010). There are also case studies in which elevated lead in water from
brass was suspected to be the primary contributor to cases of childhood
lead poisoning (CDC, 1994). Sampling of homes in the Netherlands also
revealed some severe cases of high lead release (up to 5030 ug/L) from
brass faucets (Slaats et al., 2007). New brass alloys have been developed that
contain very low lead (0.1-0.25% lead by weight; Sandvig et al., 2008), and
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California and several other U.S. states are beginning to require their use in
new construction (Sandvig et al., 2008).

OTHER LEAD SOURCES IN TAP WATER

Galvanized pipes are steel pipes coated with a protective layer of zinc,
and high levels of lead can be present as impurities in the zinc coating
(Schock et al., 1996). The iron rust in these pipes can also accumulate and
store lead from other plumbing sources (HDR Engineering, 2009). Thus, even
after lead pipe is replaced, lead accumulated in this iron rust can contribute
elevated lead to tap water for years (HDR Engineering, 2009).

Rough Estimation of U.S. Households at Potential Risk

While poor record keeping makes it practically impossible to determine the
exact type of plumbing materials at individual U.S. households, without ex-
huming and forensically evaluating plumbing materials underground and
in walls, consideration of rough estimates is useful. Weston and Economic
and Engineering Services (1990) determined through anonymous surveys
of water utilities that there were about 3.3 million lead service lines and
6.4 million lead pipe gooseneck connections in the United States, corre-
sponding to about 3% and 6% of total U.S. housing units, respectively (Table
1). For solder, it is estimated that the 81 million U.S. housing units (77% of
total U.S. housing units) constructed prior to the federal ban of lead pipe
and lead solder in 1986 (U.S. Census Bureau, 2000) are virtually certain to
contain lead solder joints (Table 1). In addition, all housing units built after
1986 are almost certain to have lead-free brass plumbing devices that contain
1.5-8% lead by weight (Table 1). Only new housing units that incorporate
nonleaded brass faucets and other nonleaded brass components ( <0.1% lead
by weight), can completely eliminate the presence of lead in plumbing, and
it was only recently that such products could be purchased in nonleaded
forms. it should be noted that the rough estimates presented (Table 1) refer
to potential risk, and that like lead paint, degradation of leaded plumbing via
corrosion and flaking of scale or rust to the water can dramatically increase
the hazard to residents. In some situations lead in water for homes contain-
ing lead pipe, lead solder, or leaded brass is virtually below detection, due
to formation of protective surface coatings.

To offer an additional perspective, simple calculations suggest that the
mass of lead present in a typical lead service line is about 19 kg (Table 1). If
only 0.1% of this lead pipe is eaten away at the pipe wall due to corrosion
and is released to the water, the released lead mass of 19 g is sufficient to
contaminate every drop of water used by a U.S. family of three for three years
over the federal action level of 15 ug/L (calculation based on 1135 L/day
water usage for the whole family). Before half the pipe wall (i.e., 50% of
the lead pipe) is eaten away, likely subjecting the lead pipe to leaks and
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mandatory replacement with unleaded materials, the potential lead release
is sufficient to contaminate every drop of water used by a family for 1,500
years. Coupled with the direct path to possible human ingestion, this analysis
puts the potential magnitude of the lead pipe problem into perspective, and
highlights the importance of corrosion control and safe water use practices
in avoiding potentially harmful exposure. In 1993, the US EPA estimated
that more than 40 million U.S. residents used water that can contain lead in
excess of the federal action level of 15 yg/L (US EPA, 1993).

Lead pipes are more common in other countries. For example, the
percentage of lead service lines in France, the United Kingdom, and Germany
as of 1999 was estimated at 40-50% (Hayes and Skubala, 2009). As of 1999,
premise (building) plumbing in Portugal, France, and the United Kingdom
also contained 30-40% lead pipes (Hayes and Skubala, 2009). In Japan, as
of 2002, a total of 667 km lead pipe was found below roads and 3,248 km
of lead pipe was found in residential areas (Osawa, 2002).

Other Sources of Environmental Lead Exposure and Perceptions
Regarding Their Relative Importance

Lead products have been used in numerous other applications, all of which
constitute potentially harmful exposure sources worthy of mitigation. Be-
fore improvements in corrosion control reduced lead in potable water in
the 1950s and then again in the 1970s (Karalekas et al., 1976; Moore et al.,
1985), it was widely accepted that lead in water was a dominant pathway
of human exposure and that high incidence of miscarriages and in infant
and even adult mortality were attributable to this source (Renner, 2007;
Troesken, 2008, 2006;). While it is accepted that exposure to lead from any
source is potentially harmful, maximizing public health gains with scarce
available financial resources has necessitated creation of a modern hierar-
chy of perceived risk and reward for public health interventions. This, in
turn, has occasionally put the different lead sources in competition with one
another.

Some individuals in the lead poisoning prevention community have ex-
pressed a fear that focus on lead in drinking water reduces attention on other,
and potentially more important, sources of lead in the household environ-
ment (e.g., paint, dust; Blette, 2008). This mindset reinforces reports that in
the early 1990s the then CDC director of the former Center for Environmental
Health railed against doing much in drinking water because he did not want
to disarm lead in paint (Powell, 1999). There has been some speculation that
the scientific presentation of research results and public health messaging,
in response to a well-publicized incident of elevated high lead in drinking
water of Washington, DC, was affected by these concerns (Edwards, 2010;
Miller, 2010). On occasion, the lead paint water risk reward analysis has
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been invoked to justify diverting a portion of funding originally intended for
reducing the public’s exposure to lead in water, toward the creation of lead
paint educational programs (Renner, 2010). It is important to acknowledge
these issues, because neither scientists nor popular belief can be assumed
to be completely immune from preconceptions, and continued debate about
where to invest scarce resources will intensify with reduced availability of
funding.

Clearly, peeling lead paint chips and associated dust pose a great health
concern to US. children (Jacobs 1995; Levin et al., 2008). Although the
conventional wisdom in the United States is that lead-based paint is the pre-
dominant source of lead poisoning in children, and all other lead sources
are a distant second, a few potential weaknesses in this argument and al-
ternative perspectives have been provided by authors such as Mielke and
Reagan (1998). Based on their work, lead in soil and in dust, even when
deteriorating lead paint is not a contributing factor (e.g., soil contamination
attributable to smelter emissions, past use of leaded gasoline, other sources),
can be an equally important exposure pathway, compared with lead paint
that is deteriorating in place (Mielke and Reagan, 1998). Much has been
done to address all environmental lead sources, and much more needs to
be done. Since 1977 the Consumer Product Safety Commission (CPSC) has
limited the lead content of paint in the United States to 600 parts per million
(or else 0.06% by dry weight of the paint), but older residencies may have
paint present with much higher lead content (up to 50% lead before 1955;
Agency for Toxic Substances and Disease Registry, 2007). The US EPA’s Of-
fice of Chemical Safety and Pollution Prevention also recently issued the
lead Renovation, Repair, and Painting rule to protect against exposure from
renovations that disturb lead-based paint (US EPA, 2010).

After the landmark phase-out of commercial leaded gasoline, which was
completed in 1995, 78% of air lead in the United States is attributed to in-
dustrial emissions (Levin et al., 2008). The US EPA has set an enforceable
national quality standard for lead in ambient air, while the Occupational
Health and Safety Administration has set an enforceable permissible expo-
sure limit for lead in workplace air (Agency for Toxic Substances and Disease
Registry, 2007). Lead is also present in consumer products. Dietary supple-
ments, crystal glassware and ceramic pottery, polyvinyl chloride miniblinds,
synthetic turf, imported candy and foods, and imported children’s toys have
been found to contain high levels of lead (Levin et al., 2008). The CPSC has
recalled thousands of imported products, including children’s toys, which
contained lead and did not meet U.S. standards (Levin et al., 2008).

While the conventional wisdom is that lead in paint and in dust account
for a majority of EBLs in U.S. children, the CDC estimated that 30% or more
of present EBL cases do not have an immediate lead paint source identified
(Levin et al., 2008). The USEPA (2010) recently expressed an opinion, shared
by many others (Levin et al., 2008; Scott, 2009), that as other agencies and
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EPA offices focus primarily on other sources of lead exposure (e.g., lead-
based paint, lead in dust and soil) lead in drinking water as an exposure
path is becoming a bigger percentage of a smaller number.

1. US. REGULATIONS/GUIDELINES FOR LEAD IN TAP WATER,
AND OTHER PUBLIC HEALTH GUIDANCE

Lead and Copper Rule of 1991

The US EPA regulates public water supplies under the Lead and Copper Rule
(LCR) through an action level for lead at home taps of 15 parts per billion
(or else 15 pg/L; US EPA, 1991). If lead concentrations exceed this action
level (AL) in more than 10% of customer taps sampled, the water utility
must take measures to control plumbing corrosion and inform the public
about steps they should take to protect their health (Table 2). The US EPA
has also set a maximum contaminant level goal (MCLG) of zero for lead at
the tap. As an MCLG, this guideline is not enforceable, but represents the
optimal lead-in-water level below which there is no known or expected risk
to health.

Implementation of the LCR in 1991 significantly controlled lead contam-
ination at the tap, as evidenced by a recent review of monitoring data from
homes in many large U.S. cities. The review showed that 96% of U.S. utilities
were below the lead AL of 15 ug/L (US EPA, 2006a). The LCR replaced the
previous standard of 50 yg/L, which was ineffective because it measured
lead at the entry point to the distribution system and before contact with
lead containing plumbing (Figure 1). The LCR requires sampling at homes
known to have plumbing with highest potential for lead contamination, and
after a minimum of 6 hr in which the sampled water has to contact the
plumbing (US EPA, 1991).

Reliance on the 90th percentile lead level to determine compliance with
the LCR means that there is no maximum contaminant level (MCL) for lead
in consumers’ water to meet the federal regulation. The US EPA explicitly
acknowledged this in 1991, by stating that the AL does not determine the
compliance status of a system as does an MCL, but merely serves as a
surrogate for a detailed optimization demonstration. The US EPA (2006b)
further clarified that the LCR is aimed at identifying system-wide problems
rather than problems at outlets in individual buildings and that the 15 yg/L
action level for public water systems is therefore a trigger for treatment rather
than an exposure level.

To illustrate, consider actual lead-in-water data from volunteers in a
large U.S. city living in homes that are not necessarily at high risk, and
which would be in compliance with the LCR (i.e., 90th percentile lead in
water = 10 pyg/L < 15 pg/L; Figure 2). One percent of this population is
exposed to over 70 ug/L lead, and 0.1% of the population is exposed to lead
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FIGURE 2. Cumulative distribution of lead-in-water levels (in logarithmic scale) at consumers’
home taps in a large US. city from 1998 to 2005. Compiled from monitoring data of city
residents, who voluntarily collected tap water samples and submitted them for lab analysis
(S. Patch, personal communication, November 28, 2006).

over 1717 ug/L. If the U.S. goal of eliminating EBL in all children by 2020
is to be achieved, the higher risk at the upper tail of the WLL distribution
needs to be acknowledged and remediated. Consistent with the previous
points, it is not surprising that a recent case of lead poisoning was attributed
to lead contaminated tap water in Durham, North Carolina, even though the
city was compliant with the LCR (Triantafyllidou et al., 2007). In addition,
because the LCR is designed to monitor effectiveness of corrosion control
and does not protect individual consumers, only 100 homes must be tested
in large cities (US EPA, 1991), which translates to far less than 1 out of 1,000
households. The key point of this discussion is that compliance with the LCR
lead action level does not guarantee, or even imply, that all individuals in
the city are protected from lead-in-water hazards.

Moreover, LCR testing loopholes may allow high lead levels to be
missed, either accidentally or intentionally, in the relatively small number
of homes that are sampled (Renner, 2009; Scott, 2009). For example, failure
to pick the worst-case houses, not allowing water to stagnate long enough
inside the plumbing before sampling, removing the faucet aerator screen be-
fore sampling, or sampling in cooler months can allow compliance with the
LCR AL for lead, and effectively hide serious water contamination (Renner,
2009). Sampling practices that can miss lead-in-water hazards have been
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employed in major U.S. cities (Leonnig, 2004), although the majority of U.S.
water utilities sample tap water and report monitoring data with the safety
of their consumers in mind.

Lead Contamination Control Act of 1988

The LCR also applies to the 10% of U.S. schools that have their own wa-
ter supply (Table 2). However, it does not extend to the majority of US.
schools and day care facilities, which rely on public water systems for their
water supply (Table 2). Instead, the Lead Contamination Control Act (LCCA)
provides nonenforceable guidelines for these schools and day care facilities,
recommending that drinking water should not exceed 20 yg/L lead in any
250 mL first-draw sample (US EPA, 2006; Table 2). In other words, aside from
the 10% of U.S. schools that are regulated as public water systems under the
LCR due to use of their own water supply or well, the remaining 90% of U.S.
schools and day care facilities are not subject to any enforceable national
lead-in-water standard (Table 2).

The recommended guideline of 20 yg/L applied to lead in school water
is considered more stringent than the 15 ug/L lead action level for homes,
because a 250 mL water sample under the LCCA tends to concentrate the
lead in collected samples, compared to the 1-L samples collected under the
LCR (US EPA, 2010). Passage of the LCCA in 1988 prompted many schools
to test for lead in drinking water, but state adoption and enforcement of the
guideline was often weak and even nonexistent (Lambrinidou et al., 2010).
By 1990 many schools had not repaired or removed lead-tainted coolers,
used sampling protocols other than those recommended by EPA, carried out
very limited or inappropriate sampling, or failed to conduct water testing at
all (Lambrinidou et al., 2010).

A recent investigative report by the Associated Press (Burke, 2009) and
subsequent congressional hearing (Freking, 2009) revealed problems with
high lead in water of hundreds of schools regulated as public water sys-
tems under the LCR. In response, the EPA has stated it plans to better
address and enforce lead standards in such situations (Freking, 2009). Al-
though much less information is available for the 90% of schools not subject
to any sampling requirements, case studies in Baltimore, Maryland; Seattle,
Washington; Philadelphia, Pennsylvania; Washington, DC; Maryland sub-
urbs; and Los Angeles, California, revealed serious problems with lead con-
tamination of school water in recent years (Table 3). In the vast majority of
these cases, lead-in-water hazards were not revealed by the schools under
the LCCA, but by parents/students or investigative reporters (Table 3). With
only one exception, at least three years elapsed from the time the schools
recognized a problem to the time the public was informed. Another key
point is that a large percentage of taps in some of the schools (up to 80%)
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had lead in water above the LCCA standard of 20 ug/L. In addition, some
schools had taps dispensing water with lead levels exceeding hazardous
waste criteria (i.e., >5,000 ug/L lead; Table 3).

Remedial measures in these school systems varied from replacing bub-
bler heads or installing new fountains to installing filters, flushing, turning off
fountains, and providing bottled water (Boyd et al., 2008b; Greenwire, 2004;
Grover, 2008b; Montgomery County Public Schools, 2007). These remedial
measures invariably relied on a trial-and-error approach. Thankfully, some
of these school systems appear to have resolved the majority of lead-in-
water problems, at least in the short term. However, remediation sometimes
involved millions of dollars to replace fixtures and fountains, only to have
the problem return a few months later (Bach, 2005). Similar to lead paint,
lead-in-water problems can never be considered fully resolved, until the
lead-bearing materials have been completely removed. It is also worth not-
ing that the schools described in Table 3 represent the good news, as most
other school systems in urban areas have not systematically tested their wa-
ter for lead in nearly three decades. Not shown in Table 3 are other case
studies from (a) Davidson, North Carolina, where a problem was discovered
after a high school chemistry experiment failed and the teacher eventually
traced it to high lead in water (Edwards, 2007); (b) Durham, North Carolina,
where sampling revealed hazardous lead levels in some water fountains at 8
schools (Biesecker, 2006); and (c) New Jersey (Burney and Dwight, 2003).

The limited attention on lead in drinking water of schools and day
care facilities is disconcerting, given the potential public health risk. First,
school children are much more vulnerable to adverse health effects from
lead exposure relative to adults (Needleman, 2004). Second, the intermit-
tent pattern of water consumption, with periods of little or no water use on
weekends, holidays, and over summer break, produces very long stagnation
periods of water inside the piping and can be worst case for releasing haz-
ardous levels of lead from the plumbing into the water supply (Levin et al.,
2008). Finally, school buildings have intricate plumbing systems, sometimes
very old, containing multiple potential sources of water lead contamina-
tion. In 2004, the US EPA requested information and compiled a summary of
state programs, regarding implementation of LCCA guidance (USEPA, 2004).
More recently, acknowledging the lack of information on drinking water of
schools, the US EPA (2010) announced that it is developing a draft entitled
“Charge on Safer Drinking Water in Schools and Child Care Facilities Initia-
tive” that will seek input on how to assess the risks of lead in school drinking
water.

Despite these recently acknowledged problems with elevated lead in
school water, one analysis that was conducted to examine the health risks
suggested that there was little cause for concern. Sathyanarayana et al. (2006)
simulated typical and worst-case scenarios of drinking water consumption at
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Seattle schools, and predicted reassuring blood lead levels for school chil-
dren of below 5.0 yg/dL in all cases. However, these authors dismissed the
highest detected lead-in-water measurements as unrepresentative, and only
considered the geometric mean blood lead level of the student population
using a biokinetic model. It is likely that explicit consideration of the high-
est measured lead-in-water samples, and resultant impacts on blood lead of
more sensitive children as opposed to only the geometric mean (i.e., the 50th
percentile of blood lead levels), would indicate a much more serious risk.
In support of this hypothesis, it was recently revealed that a child with ele-
vated blood lead from water in Greenville, North Carolina, was exposed in
a day care center (E. Robertson, personal communication, March 24, 2006),
and environmental assessments in Washington, DC, attributed a child’s ele-
vated blood lead to contaminated water (7,300 ug/L lead) at an elementary
school (Lambrinidou et al., 2010). Concerns related to a case of adult lead
exposure for a teacher in an Oregon school in 2008 gave impetus to testing
of tap water for water fountains at work, which revealed high lead in wa-
ter (Y. Lambrinidou, personal communication, December 10, 2008). Reports
of harmful exposure are more consistent with common sense expectations,
considering that the higher levels of lead detected in some schools (Table 3)
indicate that a single glass of water can contain up to 29 times more lead than
that deemed to constitute an acute health risk according to the CPSC (i.e.,
20,000 ug/L lead in a 250-mL sample constitutes a single dose of 5000 ug
lead, while the CPSC criterion is set at 175 ug lead).

Unregulated Drinking Water Systems

About 15% of Americans operate their own private drinking water supplies
(e.g., private wells and cistern type systems; US EPA, 2006c). These systems
are not subject to federal standards for lead monitoring (and other contami-
nants), although the major lead sources are similar to those found in public
water supplies (Table 2). As a result, the magnitude of lead-in-water prob-
lems at these homes and the potential public health risks have not been
studied (Schock et al., 1996).

Other Public Health Guidance as It Relates to Lead
Contamination of Tap Water

The LCR and LCCA lead limits were derived from an estimation of lead con-
centrations considered at the time economically and technologically feasible
to achieve, and as such, are not entirely health based (Lambrinidou et al.,
2010). A compilation of other health-based thresholds (Table 4) indicates
that the US EPA MCLG for lead in water is equal to zero and that the state of
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TABLE 4. Public health guidance regarding various levels of lead in tap water

Lead threshold Health guidance and/
Agency (pg/L) or warning Reference
US. Environmental 0 Maximum contaminant level US EPA (1991)
Protection Agency goal (MCLG), below which

there is no known or
expected risk to health

California 2 Public health goal (PHG) for  Cal/EPA (1997)
Environmental all age groups
Protection Agency

Health Canada 10 Maximum acceptable Health Canada

concentration (MAC) based (1992)
on chronic health effects,
for all age groups

World Health 10 Health-based guideline forall WHO (1993)
organization age groups
CcbC 15 Children and pregnant CDC (2010a)
women should not drink
the water
US. Environmental 40 Imminent and substantial Renner (2010)
Protection Agency endangerment to children
(warning removed in 2004)
US. Consumer 7007 Acute health risk to children  CPSC (2005)
Product Safety
Commission
US. Environmental 5000° Hazardous waste US EPA (2009)
Protection Agency classification

3 ead dose of 175 ug translated to lead exposure through water consumption of 250 mL (one glass).
PBased on the Toxicity Characteristic Leaching Procedure (TCLP) test for waste.

California has developed its own public health goal for lead in water at
2 ug/L. The US EPA at one time indicated that 40 pg/L lead in water poses
an imminent and substantial endangerment to children (Table 4). Health
Canada (1992) and the World Health Organization (1993) have both devel-
oped a health-based guideline of 10 yg/L lead for drinking water, while the
CDC (2010) advised children and pregnant women to not consume water
that contains more than 15 ug/L lead (Table 4). As a further point of refer-
ence, the CPSC (2005) classified a lead dose of 175 g as an acute health risk
to children. This CPSC standard was used as a trigger for recalling millions
of children’s toy jewelry (CPSC, 2005). If this standard, which was applied to
children’s jewelry and toys (products not intended for human consumption),
was applied to lead in water (a product intended for human consumption),
the one-time ingestion of 250 mL of water at 700 ug/L lead (resulting in a
lead dose of 175 ug) would also be classified as an acute health risk to chil-
dren (Table 4). Finally, water containing more than 5,000 ug/L lead exceeds
hazardous waste criteria (US EPA, 2009).
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IV. FORMS OF LEAD IN TAP WATER AND IMPLICATIONS
FOR MONITORING AND EXPOSURE

Dissolved Versus Particulate Lead in Tap Water

Lead that is released from plumbing into drinking water can be present in
a variety of distinct physicochemical forms including free aqueous ions, in-
organic complexes, organic complexes, associations with highly dispersed
colloidal matter, suspended particles of insoluble salts, or adsorbed on in-
organic particulates (De Rosa and Williams, 1992). In some practical tests,
the total lead content of drinking water is often demarcated into two frac-
tions: the dissolved lead fraction and the particulate lead fraction (Table 5).
Dissolved lead is operationally defined as the fraction of total lead in water
that is small enough to pass through a filter of 0.45-um pore size (McNeill
and Edwards, 2004). Particulate lead is the fraction of total lead in drinking
water that is retained by a filter of 0.45-um pore size (Table 5). At the upper
end of particulate lead sizes, these particles are big enough to be seen by

the naked evye.

Lead particles in tap water can originate from detachment of lead-
bearing scale or rusts from plumbing, or by scouring/sloughing-off during
water flow (Schock, 1990). Lead corrosion rusts in water plumbing materi-
als are analogs of peeling lead paint, in that degradation of the underlying
plumbing material can dramatically increase the creation of these particles,
their detachment, and resulting human exposure. Indeed, the mineralogical
forms of many lead rusts (i.e., cerrusite and hydrocerrusite; see Table 5) are

TABLE 5. Classification of lead species in tap water and distinction between dissolved lead
and particulate lead (adapted from De Rosa and Williams, 1992)

Approximate

Operational diameter size
definition (um-log scale) Class Example(s)
Dissolved fead Free aquo ions Pb*2
0.001 Organic chelates, other Pb-EDTA
inorganic ions, ion PbCO5
pairs and complexes
0.01 Bound to Pb-fulvic acid complexes
macromolecules
0.1 Highly dispersed Adsorbed on hydrous iron
colloidal material and manganese oxide
colloids
045 - i Adsorbed on inorganic  Adsorbed on hydrous iron
particulates and manganese oxides and
clay minerals
Particulate lead 10+ Minerals and PbCO;(s)-Cerussite
precipitates Pb3(CO3),OHx(s)-

Hydrocerussite
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identical to those in lead paint. Lead particles in tap water may also origi-
nate from physically degraded pieces of leaded brass, lead solder, or lead
pipe (Triantafyllidou et al., 2007). Unlike the case of dissolved lead in water,
which is not controlled by nuances of water flow from the tap, the mobiliza-
tion of particulate lead from plumbing can be highly variable, depending on
changes in pressure and water flow velocity/direction (Schock, 1990).

Numerous investigators have reported lead particles in water. Flaking
lead particles larger than 12 ym in diameter were observed detaching from
pipe, along with colloidal lead fractions associated with iron oxides and
humic acids (De Mora et al., 1987; De Rosa and Williams, 1992). An exten-
sive British survey reported that the flaking lead problems were caused by
large black/brown particles visible to the consumer, whereas colloidal lead
problems were caused by smaller particles that were not visible (De Rosa
and Williams, 1992). The British report further concluded that problems with
particulate lead were often associated with the presence of iron particulates,
and that these problems were exacerbated by high water flows, especially
during periods of high water demand (i.e., in the summer), as was recently
highlighted in the United States (HDR Engineering, 2009).

A small survey of lead in potable water from around the United States
revealed numerous instances in which lead was also present as particulates,
sometimes at concentrations greater than 1,000 pg/L (McNeill and Edwards,
2004). Particulate lead was also clearly demonstrated to detach from lead-
tin solder joints (Bisogni et al., 2000) and from lead pipes (Triantafyllidou
et al., 2009a) in laboratory test rigs. In these laboratory studies, particulate
lead was the predominant form of lead, comprising up to 99% of the total
lead concentration in water samples (Triantafyllidou et al., 2009a).

Field investigations at various U.S. locations with significant lead-in-
water problems revealed that particulate lead release from the plumbing
was often the cause (Figure 3; Table 6), and in some cases the source of the
lead problem could be forensically linked to either lead pipe, lead solder,
or leaded brass (Table 6). A key point is the extraordinarily high levels
of lead (up to 190,000 ug/L, or else more than 12,000 times the EPA AL)
occasionally present in the water due to these particles, and their varying
mineralogical content ranging from 3% to 100% lead (Table 6). The massive
lead contamination occasionally resulting from partial lead pipe replacements
is especially noteworthy, in light of the CDC report of EBL in Washington,
DC, children (Frumkin, 2010).

Implications of Particulate Lead in Tap Water for Monitoring,
Exposure Assessment, and Corrosion Control

Chemical lead solubility models, human exposure models, water sampling
protocols, and analytical quantification methods are often based on the pre-
sumed dominance of dissolved lead in drinking water. It has only recently
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FIGURE 3. Lead-bearing particles were identified as the cause of severe tap water contami-
nation during field investigations. (A and B) Brass particles trapped in two different strainers
adjacent to two drinking water fountains at the University of North Carolina at Chapel Hill
(Elfland et al., 2010). (C) Lead solder particles trapped in home faucet aerator screen in Wash-
ington, DC (Edwards, 2005). (D) Lead solder particles trapped in home faucet aerator screen
in Greenville, North Carolina (Triantafyllidou et al., 2007).

been recognized that particulate lead can occasionally be the dominant form
of lead in drinking water (Triantafyllidou et al., 2007). A preliminary synthe-
sis (Table 6) indicates that such problems may not be an isolated occurrence,
especially given the rarity of such measurements.

It is useful to highlight some of the challenges associated with the pres-
ence of particulate lead in tap water, in terms of environmental monitoring
and exposure. All models predicting lead at the tap do so by considering
soluble lead (Schock, 1990). Because the release of particulate lead in drink-
ing water is often caused by physical factors and is erratic, its contribution
is impossible to predict (Schock, 1990). At the same time, capturing actual
particulate lead spikes in tap water via field sampling is very challenging.
Schock et al. (2008) warned that if lead (and other contaminants) were mobi-
lized into solution or released as particulates, this would result in long-term
intermittent exposures of unknown impact that can easily go undetected.

Particulate lead in water can be ingested and subsequently be dissolved
or mobilized by human stomach acid (Schock, 1990). Mahaffey (1977) re-
ported that lead absorption from small lead particles is greater than lead
absorption from large particles. However, she also reported that when large
pieces of lead are ingested, they may lodge in the gastrointestinal tract and
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cause severe lead poisoning as they slowly dissolve. Bioavailability tests
on lead solder particles collected from homes of lead-poisoned children
in Greenville and Durham, North Carolina, revealed that a significant frac-
tion of the particulate lead from solder dissolved in simulated gastric fluid
(Triantafyllidou et al., 2007). Additional case studies of childhood lead poi-
soning in Maine and in Washington, DC (Table 6), which were attributed to
lead-baring particles that detached from the plumbing and contaminated tap
water, also provide unambiguous proof that these lead particles were indeed
biocavailable once ingested.

In order to protect consumers from such exposures, corrosion control
programs need to account for and prevent particulate lead release into the
water. Modern corrosion control strategies were designed to reduce leaching
from lead pipe, solder, and brass materials by encouraging formation of low
solubility lead hydroxyl-carbonate and phosphate films on the plumbing
material surface, which can limit contamination to flowing water. But control
of particulate release is dependent on minimizing the destabilization of the
protective rust layer from water quality changes or hydraulic disturbances,
and this process is poorly studied. The drinking water industry presently
lacks the tools or knowledge to completely prevent or control particulate
lead release.

V. BLOOD LEAD LEVEL AND MAJOR LEAD
TOXICITY MECHANISMS

Potential harm from exposure to lead is typically tracked by measurements
of the BLL. BLLs above 10 ug/dL are considered elevated (EBLLs) for infants
and children, as they exceed the CDC threshold at which detectable mental
impairment and behavioral changes have been documented (CDC, 2005).
Cases in which blood lead exceeds 10 or 20 ug/dL are also termed lead
poisoning, dependent on the specific U.S. jurisdiction. CDC surveillance for
the year 2007 corresponded to only 13% (or else 3,136,843) of U.S. children
aged <6 years, of which 31,524 were diagnosed with EBLL (CDC, 2010).
Depending on the extent of uptake by the blood stream (Table 7), lead
disturbs the heme biosynthetic pathway and can lead to anemia (Singhal and
Thomas, 1980), causes kidney malfunction or even kidney failure (Loghman-
Adham, 1997), but most importantly generates brain disorders in children
(Needleman, 2004). Lead is a neurotoxin, which has the capacity to enter
the blood-brain barrier and affect the central nervous system of children
(National Research Council Board on Environmental Studies and Toxicol-
ogy, 1993). Nerve signaling is highly regulated by movements of charged
ions, such as calcium, across cell membranes. At picomolar concentrations
lead (Pb*?) outcompetes/inhibits calcium (Ca*?) from entering cells, halts
release of neurotransmitters from the cell, and thus disrupts nerve signaling
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TABLE 7. Blood fead level (BLL) and adverse health effects in children and in adults

Age group
Children Adults

BLL (ug/dL)

<10 1Q (-), hearing (-), growth (-) Uncertain

>10 Erythrocyte protoporphyrin (+) Hypertension

>20 Nerve conduction (-) Erythrocyte protoporphyrin
(+)

>30 Vitamin D metabolism (-) Systolic blood pressure (+)
Hearing (-)

>40 Hemoglobin synthesis (-) Nerve conduction (-),
infertility (men), kidney
failure

>50 Colic, frank anemia, kidney Hemoglobin synthesis (-)

failure, brain disorders frank anemia, brain

disorders

>100 Death Death

Note. The BLL of concern is presently set at 10 ug/dL. Adapted from Troesken (2006) and National
Research Council Board on Environmental Studies and Toxicology (1993). Hemoglobin is the molecule
which carries oxygen throughout the body. Nerve conduction is ability to send the impulse from the
nerve to the muscle. Vitamin D is necessary for the absorption of calcium and phosphorus, and for bone
growth. Erythrocyte protoporphyrin is the intermediate in heme biosynthesis. (-) = decreased function;
(+) = increased function.

(Needleman, 2004). Encephalopathy (i.e., brain disorder) due to elevated
lead burden has been associated with lower intelligence scores (1Q), learning
disabilities, hyperactivity, attention deficit disorders, hearing/speech imped-
iments, seizures, and behavioral impairments/aggression, while some eco-
logical studies even support an association with crime (Needleman, 2004).
In addition, lead is considered an embryo-fetal poison for pregnant women,
which at high levels has been historically associated with instantaneous abor-
tion, premature delivery, stillbirth, infant mortality, low birth weight, and
compromised mental and physical development of infants (Mahaffey, 1985;
Troesken, 2006, 2008).

Recent studies suggest that decreased |Q and cognition occur in children
even at BLlLs as low as 3.0 yg/dL (Bellinger and Needleman, 2003; Jusko
et al., 2008), and that impaired kidney function occurs in adolescents even at
Blls as low as 1.5 yg/dL (Fadrowski et al., 2010). Emerging clinical evidence
is therefore strongly reinforcing the notion that no safe level of lead exposure
exists. Lead toxicity (Table 7) is notoriously difficult to diagnose, and creates
a wide range of symptoms which are easily overlooked (Kalra et al., 2000).
In light of these and other evidence, the U.S. Department of Health and
Human Services (2000) established the ambitious goal of eliminating EBLLs
in U.S. children by 2010. This was a qualitatively different goal from earlier
policy, which focused on reducing the BLL considered toxic by various
target amounts (CDC, 2005). Meeting the Healthy People 2010 objective to
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eliminate EBLLs (i.e., BLLs = 10 yg/dL) in children was not achieved, and
the United States is extending this goal to 2020 (U.S. Department of Health
and Human Services, 2010).

VI. IMPORTANT CONSIDERATIONS IN ASSOCIATING LEAD
IN WATER TO LEAD IN BLOOD

Troesken (2006) acknowledged that exposure to water lead is subject to an
error-in-variables problem, which makes it challenging to find an association
to health risks, and introduces a downward bias into commonly applied
statistical techniques attempting to link WLLs to BLLs. In order to avoid such
a bias, it is necessary to meet several preconditions when attempting to
associate BLLs to WLLs in population studies or in case studies:

» Water lead measurements and blood lead measurements need to be avail-
able, and without significant sampling delays between the two;

» Water lead measurements need to quantify the actual lead content of the
water;

» Individual water consumption patterns need to be accounted for; and

+ Individual responses to the same lead dose need to be understood.

Some of the difficulties in meeting the above criteria (Table 8) are highlighted
in this section.

Paired BLLs and WLLs Are Not Always Available

It is obviously necessary to obtain BLL and WLL data, in order to examine
any potential association between the two. For a variety of reasons (Table 8)
described subsequently, such data are often unavailable.

Lack oF BLL DATA FOR SENSITIVE SUBPOPULATIONS

In the United States children’s blood lead screening is targeted to children at
highest risk for exposure to lead paint and lead dust hazards (CDC, 2002),
typically aged 1-6 years with developed hand-to-mouth activity (Linakis et
al., 1996). Relatively little data is available for children aged less than 9
months, who are most vulnerable to lead exposure through water, due to
use of reconstituted milk formula (Edwards et al., 2009; Shannon and Graef,
1992).

GENERAL Lack oF WLL DATA AT ScHooLs AND DAY Care FacILITIES

As of 2006, a survey by the CDC found that nearly half of all schools na-
tionwide do not test their water for lead (Lambrinidou et al., 2010). A 2006
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TABLE 8. Potential difficulties in associating lead in water to lead in blood in population
studies or in case studies

Issue IHustrative reference(s)
Blls and WLLs are not always available
General lack of BLL measurements for sensitive Binder et al., 1996
sub-populations Shannon et al., 1992
General lack of WLL measurements in Edwards et al., 2009
schools/daycares under the LCCA Lambrinidou et al., 2010
Relatively small number of WLL measurements Renner, 2009
under the LCR
Relative exclusion of water lead measurements Renner, 2009
during home assessments of lead-poisoned Scott, 2009
children
WLL measurements do not always reflect actual lead in water
Improper water sampling/preservation methods at Triantafyllidou et al., 2007
“high-risk” taps under the LCR Triantafyllidou et al., 2009
- Flow rate

- Cold versus hot water
- Sample preservation

Inherent variability in lead release from plumbing Levin, 2008
- Spatial (fluctuations within a city, a Schock, 1990
neighborhood, or even a single home) Matthew, 1981

- Temporal (fluctuations in a single tap
depending on season, or even time of day)
Individual water consumption patterns affect individual exposure
Variability in individual water consumption patterns Troesken, 2006

- Amount of water consumed in/outside Matthew, 1981
of home

- Use of tap/filtered tap/bottled water
Underestimated indirect contribution of water to Triantafyllidou et al., 2007

the total dietary lead intake Mesch et al., 1996

- Preparation of foods and beverages Moore, 1983
Individual risk factors affect individual response to a fixed lead dose
Bioavailability of lead varies between individuals, Troesken, 2006

depending on Lanphear et al., 2002

- Age Matthew, 1981

- Diet

- Genetics

analysis by the U.S. Government Accountability Office revealed that few
states have developed voluntary comprehensive testing and remediation pro-
grams for lead in school drinking water, and that about half the states have
not developed programs at all (Lambrinidou et al., 2010). A recent nation-
wide Associated Press survey on the 10% of U.S. schools that are subject to
the LCR revealed that lead-contaminated drinking water affects schools in at
least 27 states (Lambrinidou et al., 2010). There is no scientific or practical
reason to believe that the problem does not extend to other schools and to
other states, which are not being monitored for lead-in-water problems.
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ReLATIVE ExcLuUsIiON oF WATER LEAD MEASUREMENTS DURING ASSESSMENTS
OF LEAD-POISONED CHILDREN

Management strategies for childhood lead poisoning in the United States
have been developed based on the assumption that the LCR eliminated
elevated water lead and that other environmental sources (e.g., lead in paint,
dust, or soil) are the most likely culprit. Present CDC guidance states that if
prior testing of a public water system shows that lead contamination is not a
problem in homes served by that system, no additional testing is necessary,
unless no other source of a child’s EBLL can be found (CDC, 2002). Public
health agencies routinely misinterpret compliance with the LCR action level
as eliminating the need for water sampling in homes, schools, or day care
facilities of lead-poisoned children.

A Virginia Tech survey in 2006 verified that drinking water sampling is
not standard practice during home assessments of lead-poisoned children.
From the 17 states that responded to the survey, only two required water
testing in all cases of EBLL. Three of the jurisdictions often tested the water,
eight of the jurisdictions sometimes tested the water, and four said they
never did. A follow-up survey by the Alliance of Healthy Homes (Scott,
2009) revealed that in a state with a severe lead-poisoning rate water is
tested when no lead paint violations are identified, but this is virtually never.
Another state with similar problems claimed to occasionally test the water if
it's the only way to convince the parents that the real hazard is lead-based
paint in their home (Scott, 2009). A different survey by the CDC (Renner,
2009) showed that 15 lead grantee municipalities routinely collected water
samples during home inspections, and that 16 sometimes sampled drinking
water (if lead was not found in paint or dust, or if drinking water was
provided by a private well or unregulated water system), while seven never
tested drinking water.

Even when sampling is conducted, the CDC does not provide specific
guidance on when and how to test water for lead (Renner, 2009). If a
water sample is taken at all, it is typically a flushed sample taken during
the inspection. This means that in the few instances where health agencies
do collect tap water at homes of lead poisoned children, they are usually
not collecting worst-case samples, and are thus not capturing worst-case
lead-in-water exposures (Renner, 2009).

WLL Measurements Do Not Always Reflect Actual Lead in Water

In order to assess the public health risk from elevated lead in tap water, it
is obviously necessary to first measure the actual lead content of the water.
But lead-in-water measurements can be controlled by the season, day, hour
of measurement, and subtle differences in sample collection procedures can
either detect or completely miss lead spikes (Table 8).
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IMPROPER WATER SAMPLING/PRESERVATION METHODS AT HiGH-Risk Tars
May Miss SoME OF THE LEAD PRESENT IN WATER

Standard sampling/analytical protocols are adequate in quantifying lead in
water in the typical case. In exceptional cases (e.g., when childhood lead
poisoning may be caused by water) the detection of lead hazards can be
critically dependent on the specifics of sampling.

Flow Rate During Sample Collection. The most recent guidance for
schools (USEPA, 2006b) suggests to induce a small (e.g., pencil-sized) steady
flow of water from the outlet. These instructions translate to an unrealistically
low flow rate of less than 1 L/min. Yet everyday water consumption typically
employs higher flow rates, at which it has been long known that the wa-
ter may physically scour lead deposits from the pipe (Britton and Richards,
1981; Schock, 1990). Sampling at a higher flow rate would therefore more
likely capture lead spikes due to particulate lead release, and would be more
representative of typical water usage. Collecting water from a high-risk tap at
the US EPA-recommended low flow rate missed 90% of the particulate lead
present (Edwards, 2005), during a home investigation in Washington, DC, in
2006 (Figure 4).

Sampling of Hot Versus Cold Water. Existing protocols under the LCR
and lead poisoning case management only require sampling of cold tap
water. Instead of sampling hot tap water, which is occasionally known to
contain much higher lead, the USA EPA (2006b) simply recommends that
consumers never drink hot water or use it for cooking. A case study in Aus-
tralia, where three individuals were diagnosed with lead poisoning, revealed
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FIGURE 4. Lead measurement in flushed tap water samples versus flow rate in a home with
lead pipe. Error bars represent 95% confidence intervals over triplicate samples collected on
subsequent days at each indicated flow rate. Sample collection at the kitchen tap was timed
to collect water derived from the lead pipe (Edwards, 2005).
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that hot tap water contained 260 times more lead than did cold tap water
(Mesch et al., 1996). The family members used hot water to prepare instant
coffee and to cook. In another Australian study, water was collected from
water boilers and coffee machines from restaurants, offices, workplaces, and
schools. Excessive levels of lead were found in 67% of the samples, proba-
bly due to the contact of brass components with the hot water (McCafferty
et al., 1995). In Washington, DC, review of environmental risk assessments
in the homes of children with elevated BLLs during 20062007 revealed that
more than 50% of caregivers who were asked stated that they used unfiltered
hot tap water to mix infant formula, powdered milk, and juice (Lambrinidou
and Edwards, 2008). Clearly, individuals consume hot tap water even though
advised not to, and this risk is not quantified.

Sample Preservation. Existing analytical methods are based on the as-
sumption that lead in water is dissolved, and that standard preservation of
water samples at pH < 2.0 with addition of 0.15% nitric acid is adequate
for detecting all the lead that is present in the water. Digestion of samples
with heat or stronger acid is not required unless turbidity exceeds certain
thresholds (US EPA, 1994). Edwards and Dudi (2004) first showed that the
standard US EPA preservation protocol can sometimes miss much of the
lead that is actually present in water. For instance, water samples actually
containing 508 ug/L lead in Washington, DC, only measured as 102 ug/L,
using the standard preservation protocol (Edwards and Dudi, 2004). The
reason for the discrepancy is that particulate lead can settle or adhere to the
plastic sampling containers, and is missed when aliquots are taken for that
measurement (Triantafyllidou et al., 2007).

INHERENT VARIABILITY IN LEAD RELEASE FROM PLUMBING CANNOT
BE CAPTURED BY SINGLE-SAMPLE WLL MEASUREMENTS

Due to spatial and temporal variability in lead release from plumbing, espe-
cially in the case of particulate lead, surveys based on a single water sample
may be inadequate to characterize exposure (Matthew, 1981; Pocock, 1980).
Yet present monitoring programs under the LCR or the voluntary LCCA are
based on a single water sample from each outlet, due to practical and fi-
nancial constraints. Schock (1990) warned that if water monitoring programs
do not account for this inherent variability, then the measurements will be
unrepresentative and irreproducible.

Spatial Variability. Lead-in-tap water fluctuations are possible within a
city (see Figure 3), a neighborhood, or a single home, even if water is col-
lected under a standard protocol. For example, infrequent water consump-
tion in municipal buildings or in schools, with periods of little or no usage
during weekends and breaks, results in long stagnation periods of the water
inside the piping and causes it to undergo chemical changes (Levin et al.,
2008). This translates to more variability in the lead concentration, compared
with homes where water consumption is much more frequent and regular.
In addition, pH or other chemical fluctuations, depending on how far from
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the treatment plant water is transported in order to reach consumer’s taps,
also affects its corrosivity to leaded plumbing. Physical factors, such as the
several interconnecting lines within a household plumbing system that route
water to exterior faucets/bathrooms/kitchens/utility rooms and the presence
and type of leaded plumbing (e.g., leaded solder, leaded brass faucets, lead
pipe) greatly affect lead levels at the tap (Schock 1990).

Temporal Variability. Fluctuations in lead levels from a single tap,
depending on season or even on time of day, are possible. Seasonal
fluctuations in temperature and chemical constituents, as well as seasonal
variations in chlorination practice by the water utility may cause variable
corrosivity of the water entering a household plumbing system (Schock
1990). In the course of one day, first-draw water, drawn from a tap in the
morning after overnight stagnation, is considered worst case in terms of
lead release from the plumbing. Flushed water, or water collected after
short holding times, tends to contain lower lead levels. Pocock (1980)
argued that whatever type of water sample is collected, a single sample
cannot provide a reliable estimate of the resident’s exposure to water lead.
To illustrate, during an environmental assessment of a lead-poisoned child
in Washington, DC, in 2004, the DC Department of Health concluded that
drinking water was not a potential hazard, based on collection of a single
flushed water sample, which measured lead at a reassuring concentration of
11 ug/L. The Freedom of Information Act (Edwards, 2005) requests revealed
that in four other flushed samples collected by the local water utility, lead
in water ranged between 19 and 583 ug/L (Table 9). The samples collected
by the utility provided strong indication that elevated lead in water was a
potentially serious hazard, but the health agency sampling failed to make
that connection based on their collection of a single flushed sample.

Individual Water Consumption Patterns Affect Individual Exposure
VARIABILITY IN INDIVIDUAL WATER CONSUMPTION PATTERNS

In oversimplified terms the individual risk from lead-contaminated drinking
water, or any other hazard, is also a function of exposure to that hazard.

TABLE 9. Repeated flushed tap water sampling resuits from home of lead-poisoned child
in Washington, DC. Data obtained through freedom of information act requests (Edwards,
2005).

Lead determination

Date (pa/L) Sampling conducted by
7/26/2003 75 Water utility

3/23/2004 19 Water utility

3/23/2004 1" Department of Health
10/8/2004 21 Water utility

11/2/2004 583 Water utility
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Prior research has demonstrated a strong dependence between the quan-
tity of tap water consumed and overall exposure. For example, Potula et
al. (1999) found that Bostonians who consumed medium or high levels of
tap water (=1 glass/day) that contained greater than 50 uyg/L of lead de-
veloped progressively higher patella lead levels later in life, compared with
those Bostonians with low levels of ingestion of the contaminated water (<1
glass/day). Similarly, Galke et al. (2006) determined that the more glasses of
tap water consumed, the higher the chance of an elevated blood lead level
for children in Milwaukee and in New York. Consumption of two glasses of
tap water per day corresponded to a very high (50%) probability of having
elevated blood lead (Galke et al., 2006).

Individual water consumption patterns may vary markedly between dif-
ferent age groups, and should be taken into consideration when assessing
potential exposure. For instance, a Canadian survey on drinking water intake
showed that infants less than 1 year old consumed on average 122 mL/kg
of water a day if they were formula fed. This amount is about 3 times higher
than the 44 mL/kg a day intake proposed by US EPA (Levallois et al., 2008).
These authors concluded that due to their high water intake on a body
weight basis, formula-fed infants may be particularly susceptible to water
contaminants (Levallois et al., 2008).

The use of tap, filtered tap, or bottled water also has an obvious impact.
During the Washington, DC, lead-in-water crisis, BLLs were measured in
residents of homes with water lead levels greater than 300 ug/L. All residents
had BLLs lower than the CDC levels of concern (10 ug/dL for children and
25 ug/dL for adults), which was at first interpreted as indicating that the high
lead in water was not harmful (Stokes et al., 2004). However, later analysis
revealed that only a few individuals (and no children) had been consuming
tap water for months prior to having their blood lead collected, and that
virtually all were using lead filters and bottled water (CDC, 2010b; Edwards
et al., 2009; Edwards, 2010). The key takeaway message from the 300 ug/L
study is that use of water filters, bottled water, or even flushing can be very
effective at mitigating risk. Another study found that tap water can remain a
significant lead exposure source through adolescence, with teens consuming
bottled water having lower blood lead levels (BLLs) than those served by
well or public water systems (Moralez et al., 2005).

UNDERESTIMATED INDIRECT CONTRIBUTION OF WATER TO THE TOTAL
DIETARY LEAD INTAKE

The potential for massive accumulation of lead in food during cooking is
not commonly realized. Use of relatively large quantities of water to boil
vegetables, pasta, or other food, and effective concentration of the lead into
food via adsorption has been demonstrated (Baxter et al., 1992; Little et al,
1981; Moore, 1983). Specifically, vegetables can absorb 90% or more of the
lead from the water they are cooked in (Moore, 1983). Smart et al. (1981)
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showed that lead-in-water concentrations of 100 ug/L could contribute
74 ug/day of lead to the total dietary lead intake from vegetables and bever-
ages, and at a total lead-in-water concentration of 500 uyg/L the contribution
was 378 ug/day. Green vegetables, carrots, rice, and spaghetti concentrated
more lead than many other foods (Smart et al., 1983). While humans gener-
ally absorb lead from drinking water more readily (30-50%) than lead from
food (10-15%; US EPA, 1986), the concentration effect can outweigh the
reduced absorption factor. In addition to the report by Mesch et al. (1996),
in which an Australian family was poisoned by use of lead-contaminated hot
tap water to prepare instant coffee and cook meals, two cases of childhood
lead poisoning occurred from contaminated water, even when the children
did not directly consume the water. In both cases, cooking of pasta, rice,
or potatoes was implicated as the source of the children’s lead poisoning
(Copeland, 2004; Triantafyllidou et al., 2007).

INDIVIDUAL Risk FACTORS AFFECT INDIVIDUAL RESPONSE
TO A Fixep LEap Dose

Variations in age, diet, and genetics will produce a range of health effects in
a population, in response to a fixed lead dose from water (or other sources).

Age. The gastrointestinal absorption rate of ingested lead is inversely
related to age. The typical lead absorption rate for infants is 50%, compared
with just 10% in adults (World Health Organization, 2000).

Dietary Habits. Diets low in calcium or iniron, inadequate total calories,
and infrequent meals are believed to be associated with enhanced absorp-
tion of ingested lead (Shannon, 1996). In dietary experiments with 23 adult
volunteers, the lead retention from consumption of lead acetate was con-
trolled by the type and timing of meals and beverages (James et al., 1985).
Another study determined that subjects absorbed up to 50% of the lead on
an empty stomach, 14% of the lead was absorbed when taken with tea or
coffee, and 19% of the lead when taken with beer (Heard et al., 1983). Much
lower uptakes (=7%) were reported when lead was ingested in the course of
a meal or with large amounts of calcium or phosphate (Heard et al., 1983).

Genetics. Genetic differences may result in different individual patterns
of lead uptake and biokinetics (US EPA, 2002). An increasing body of ev-
idence suggests that tiny differences in the DNA sequence can modify the
uptake, distribution, and elimination of lead by the body. For example, a
1991 study of lead workers in Germany and of environmentally exposed
children in New York showed that small differences in two genes affected
the absorption and excretion of lead by the participants (Wetmur et al., 1991).
Another 2000 study that was performed in the Republic of Korea, with the
participation of lead workers as well as persons without occupational lead
exposure reached similar conclusions (Schwartz et al., 2000).



EPA-R5-2018-0081360000230

1328 S. Triantafyllidou and M. Edwards

VII. SUMMARY OF STUDIES ON THE ASSOCIATION BETWEEN
LEAD IN WATER AND LEAD IN BLOOD

The contribution of drinking water lead to the body’s lead burden (i.e., blood
lead) is a subject of an extensive body of literature, which at first glance can
appear contradictory. Marcus (1986) synthesized relevant studies as part of a
broader evaluation of lead health effects from drinking water, and an update
of that synthesis is undertaken herein. Various approaches have been used
throughout the years in population studies, in an attempt to correlate WLLs
to BLLs (Table 10). These include, but are not limited to, the following:

» Focus on the most sensitive age groups (e.g., formula-fed infants, young
children, pregnant/breast-feeding women) versus lumping different age
groups together;

+» Different types of tap water sampling to capture actual lead intake through
water consumption versus utilization of available water lead data from
other sources;

» Parametric correlations (assuming normal distribution of WLL and BLL)
versus nonparametric correlations;

+» Linear regression models versus curvilinear models to fit the original WLL
and BLL data, or regression after logarithmic transformation of the original
data;

» Exclusive focus on the contribution of WLL to BLL versus contribution of
other environmental lead sources (e.g., lead in paint, dust, soil) to BLL as
well; and

» Association between WLL and BLL versus association between WLL and
percentage of study population with EBLL.

Few studies are directly comparable, but nonetheless critically evaluating the
available literature provides useful insights.

Studies That Found an Association Between WLL and BLL
AssociATION BETweeN WLL anD BLL iIN FORMULA-FED INFANTS

For infants and young children up to 5 months of age, milk, formula, and
drinking water are considered highly significant sources of exposure to lead
(World Health Organization, 2000). In fact, for bottle-fed infants using recon-
stituted formula with tap water, about 90% of their diet by weight is actually
tap water, as formula is typically prepared by adding 8 parts of water to 1
part of powder (Sherlock and Quinn, 1985). Additionally taking into account
that the typical lead absorption rate for infants is 50%, compared to just
10% in adults (World Health Organization, 2000), elevated lead in water is
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a very significant concern for this population group. Infants typically con-
sume 500-1000 mL of formula per day (World Health Organization, 2000).
If the water used to reconstitute formula contains 90 ug/L of lead, an infant
receiving 750 mL of such formula daily would ingest 61 ug Ph/day, based
on the illustrative calculation:

90ugPb 0.75Lformula

Twater Ty - 90% water in formula = 61 ygP b/day )

Ryu et al. (1983) found that when infant formula commonly had ele-
vated lead derived from solder, infants consuming daily formula with 61
g Pb from 3.7-6.5 months of age had elevated blood lead levels by 5.6
months of age (Figure 5). Another group of infants, exposed to only 16
ug Pb/day through their diet, did not develop elevated blood lead (Fig-
ure 5). On this basis Ryu et al. (1983) concluded that a lead intake of
16 ug/day, or else 34 ug/kg/day, is not associated with elevations in blood
lead level above 10 yg/dL. This roughly corresponds to the provisional tol-
erable weekly intake of 25 ug/kg/week (or else 3.5 ug/kg/day) set by the
World Health Organization (2000). The Ryu et al. (1983) study is unique, be-
cause it provides unambiguous results for infants whose dietary lead intake
was completely controlled. Due to obvious modern ethical concerns, similar
experimental studies with infants are unlikely to be repeated.

Later studies also derived strong associations between Glasgow infants’
dietary lead (mainly consisting of drinking water) and blood lead (Lacey
et al., 1985). For 13-week-old infants, a duplicate of their formula was col-
lected for a week so that their total lead intake could be unambiguously

©nitial Dietary Lead Intake: 17 ug/day (n=25)
B Subsequent Dictary Lead Intake: 16 ug/day (n=10)

{6 - @ Subsequent Dietary Lead Intake: 61 ug/day (n=T)
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FIGURE 5. Average blood lead level (BLL) versus age for two groups of formula-fed infants,
at two levels of dietary lead intake. Adapted from data in Ryu et al. (1983).
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quantified. A simple linear relationship between lead in water collected from
kettles and infant blood lead level was derived, with a correlation coeffi-
cient (R?) of 0.32 (Table 10). This work demonstrates that due to genetic
and other factors mentioned previously, perfect correlations are not to be
expected between lead in water and lead in blood, even for the most sus-
ceptible subpopulation to lead exposure from water.

An investigation by Shannon and Graef (1992) revealed nine cases
where lead poisoning occurred in Boston infants after consuming instant
formula reconstituted with lead-contaminated water. In one such case, the
formula was prepared each morning with first-draw water from the kitchen
tap, which contained 130 ug/L lead attributable to lead solder (Shannon
and Graef, 1989). Other cases of elevated blood lead from consumption of
formula, with no other source of lead in the child’s environment, have been
reported (Cosgrove et al., 1989; Lockitch et al., 1991).

AssociaTioN BeEtweeN WLL anD BLL i1N YouNG CHILDREN AND ADULTS
BEFORE IMPLEMENTATION OF MODERN CORROSION CONTROL

The first survey to show a curvilinear relationship between water lead and
blood lead was that of Moore et al. (1977), which yielded a correlation
coefficient (R) of 0.52 by analyzing data from different sectors of the Scottish
population (Table 10). That work concluded that perhaps the most important
aspect of this problem is the effect that high water lead has on the chances
of a person having an unduly raised blood lead level. In that study, 18% of
people with first-flush water lead =298 yg/L had BLLs 241 ug/dL, compared
with only 0.3% of those with water lead <50 yg/L.

Sherlock et al. (1984), who analyzed lead in water and lead in blood of
mothers in Ayr, Scotland, reinforced Moore’s notion of a curvilinear relation-
ship (Table 10). Initially, lead in water and in blood were measured for 114
mothers during 1980-1981, when the Ayr water supply was very corrosive
and lead pipes were predominant. That analysis yielded a correlation coeffi-
cient (R?) of 0.56 between kettle water lead and blood lead level (Table 10).
After changes in water treatment were implemented by increasing the pH
from 5.0 to 8.5, and after some of the lead pipes had been removed, the
same analysis was repeated during 1982-1983. The sample of women in the
subsequent analysis included many of the same women as the 1980-1981
analysis (Sherlock et al., 1984). Combination of both data sets yielded a cor-
relation coefficient (R2) of 0.65 between kettle water lead and blood lead
(Table 10). After increasing the pH of the water supply, water lead levels
significantly dropped, and median blood lead levels also dropped from 21
to 13 ug/dL.

A study of 321 adults in an area of France with relatively corrosive water
and high incidence of lead pipe (Bonnefoy et al., 1985) revealed that the con-
centration of lead in tap water was significantly correlated to the residents’
BLL (Table 10). For water lead levels up to 20 ug/L, the BLLs of men and



EPA-R5-2018-0081360000230

Implications for Lead Exposure in the United States 1333

women remained relatively constant, but if lead in water exceeded 20 ug/L
BlLs increased substantially. Elwood et al. (1984) assessed the relative con-
tributions of water lead, dust lead, and air lead to blood lead of 192 women
in various areas of Wales. The regression model indicated that even in ar-
eas with relatively low water lead levels for that time period, water was
an important source of blood lead. An increase of lead in water from 0O to
60 ug/L resulted in an increase of 5.5 yg/dL in blood lead level (Elwood et
al., 1984).

Raab et al. (1987) assessed the relative contributions of water lead and
dust lead to blood lead of 6-9-year-old children in a part of Edinburgh,
Scotland, with a high incidence of lead pipes and corrosive water supply.
Their resulting model, accounting for exposure to water and dust, explained
43% of the variation in blood lead levels (Table 10). Coefficients for water and
dust were significant in their model (Table 10), and the authors concluded
that water lead was more important than dust in this population. An 8-
year follow-up study of the same individuals in central Edinburgh, showed
a dramatic decrease in their water lead and blood lead levels, which was
attributed to improved corrosion control and removal of lead pipes from
plumbing (Macintyre et al., 1998).

Maes et al. (1991) assessed the contribution of lead from drinking water,
dust, soil, and paint to BLLs of 384 individuals of various ages in Hawaii. This
study relied on measurements from exterior house faucets previously con-
ducted on behalf of the Department of Health. Lead in paint, dust, and soil
was measured, and information on water consumption patterns and demo-
graphics was obtained through questionnaire responses of the participants.
Because this population was exposed to relatively high levels of lead from
water and low levels of lead from soil, dust, and paint, the authors found a
stronger rank-based correlation of BLLs with WLLs (r = 0.53), compared with
other environmental sources (r = 0.35 for soil, 0.30 for dust, and 0.14 for
interior paint; Maes et al., 1991). Blood samples in this study were collected
more than 2 months after residents had been informed to avoid tap water,
unless it tested below 20 ug/L, and virtually no vulnerable young children
(<1 year of age) were tested. Even though the work of Maes et al. (1991) was
never published, it was submitted to the US EPA to influence formulation of
the 1991 US EPA LCR, which in turn introduced modern corrosion control
strategies for lead in U.S. drinking water.

AssociATION BETweeN WLL anD BLL IN Young CHILDREN AND ADULTS
AFTER IMPLEMENTATION OF MoODERN CORROSION CONTROL

More recent studies, conducted after the phase-out of lead in gasoline and
other lead reduction strategies, and with much lower water lead levels due
to modern corrosion control, still indicate strong relationships between lead
in blood and lead in water. An epidemiological study in Hamburg, Germany
(Fertmann et al., 2004), found a statistically significant correlation between
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average lead concentration in tap water and lead concentration in blood
for 142 young women (Spearman’s p = 043, p < .0001; Table 10). For
those women who were exposed to water lead >10 ug/L, an intervention
program was tested, which either involved eliminating tap water lead ex-
posure (by consuming bottled water) or minimizing exposure (by flushing
water prior to consumption). Overall, after about 10 weeks of intervention,
the median blood lead level decreased by 1.1 ug/dL (p < .001). Individ-
uals flushing the water lowered their blood level by 21%, whereas those
drinking bottled water reduced their blood lead level by 37% (Fertmann
et al., 2004). Fertmann et al. (2004) concluded that lead in tap water stands
for an avoidable surplus exposure.

In another German study conducted in southern Saxonia, lead in blood
and lead in tap water were measured for school children from two locations,
A and B, respectively (Englert and Horing, 1994). Lead pipes were used
in about 50% of their houses. After log-transformation of their blood lead
levels and their drinking water lead levels, 34% of the variation in blood
lead levels was explained by log-WLL in location A (i.e., RZ = 0.34 for
location A), and 41% of the variation was explained in location B (i.e., R
= 0.41 for location B; Table 10). These authors concluded that in this part
of Germany, lead exposure through drinking water was a greater concern
than lead paint and other sources, due to the lead pipes in the water supply
that had not yet been removed. Seven years later, after many lead pipes
had been replaced with alternative materials, another study quantified WiLLs
in homes of newborn babies in various regions of southern Saxonia (Zietz
et al., 2001). Overall, 3.1% of the 1,434 stagnation samples had lead higher
than 10 ug/L. But certain geographic regions were at higher risk (>5% above
10 ug/L), and these authors concluded that the exceptional cases were due
to leaching of domestic plumbing and fittings containing lead (Zietz et al.,
2001).

Following a case of lead intoxication by drinking water in Sainte-Agathe-
des-Monts, Canada, a study demonstrated a link between EBLLs and WLLs, as
well as presence of lead service lines (Savard, 1992). Canada did not provide
guidance for national corrosion control programs until 2009 (Health Canada,
2009) and this town still distributed corrosive water. On the basis of field
investigations and 383 blood lead analyses, BLLs higher than 20 ug/dL were
associated with the presence of lead service lines, Yates’s x?() = 5.85, p = .02
(Savard, 1992). A mathematical model was developed for the 72 citizens for
which WLLs were measured (Table 10). Lead concentrations in those samples
were as high as 4200 ug/L. Water consumption was obtained on the basis
of a questionnaire. Using a linear regression between BLL and the estimated
lead daily intake, a correlation coefficient (R2) of 0.25 was obtained (Savard,
1992). The water corrosivity was rapidly identified as the problem (pH as
low as 4.8 measured in some houses) and corrective measures were taken
by increasing the pH to 8.4. After less than a month, WLLs were reduced
by more than 90%, and the measured BLLs were significantly reduced by
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24% in less than a year. Work with lead paint or dust mitigation has also
demonstrated that, in some cases, mitigation of the suspected lead hazard
only slightly reduces blood lead, if high levels of lead have been stored in
bone (Gwiazda et al., 2005; Rust et al., 1999).

Watt et al. (1996) assessed the relationship between tap water lead and
maternal blood lead concentrations in Glasgow, Scotland, after the water
supply was subjected to maximal water treatment to reduce plumbosol-
vency. Tap water lead remained the main correlate of raised maternal blood
lead concentrations, accounting for 76% of cases of maternal blood lead
concentrations above 10 pg/dL. The authors concluded that although tap
water lead and maternal blood lead concentrations had fallen substantially
since the early 1980s, tap water lead was still a public health problem in
that area, especially for the estimated 13% of infants who were exposed via
bottle feeds to tap water lead concentrations exceeding the World Health
Organization guideline of 10 ug/L.

Lanphear et al. (2002) assessed the contribution of lead in water versus
other sources to children’s blood lead levels during early childhood. Chil-
dren from 6 to 24 months old were monitored in Rochester, New York, a
community not considered to have lead-in-water problems according to the
US EPA LCR. Samples of tap water, house dust, soil, and paint were quanti-
fied for lead, with house dust being determined as the main source of lead
exposure. Even so, water lead concentration was also directly associated
with blood lead levels (p < .001). Children who lived in housing with water
lead concentration greater than 5 yg/L had slightly higher (1.0 yg/dL) blood
lead levels than children who had home water lead levels below 5 ug/L
(Lanphear et al., 2002).

Taking into account geographic risk factors during an incident of sub-
optimal corrosion control, Edwards et al. (2009) found a strong correlation
between the frequency of EBL and the 90th percentile lead in water concen-
tration from 20002007 in Washington, DC. In neighborhoods determined to
have the greatest frequency of lead pipe and highest lead concentrations, a
correlation was found for children less than 30 months of age (Table 10).
Older children, children living in neighborhoods with relatively few lead
pipes or measurements of elevated lead in water showed lesser impacts. But
the youngest children (<1.3 years) showed very strong correlations between
the incidence of EBL and the reported 90th percentile lead in water concen-
tration. Earlier studies on Washington, DC (Guidotti et al., 2007; Stokes et al.,
2004), did not focus on the youngest children or geographical factors, and
saw little or no increased incidence of EBL during the time of high lead in
water.

Studies That Did Not Find an Association Between WLLs and Blls

Many other studies have found little or no relationship between lead in
blood and lead in water. These studies are occasionally cited as if results
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are contradictory to those highlighted in the preceding section. That work is
critically reviewed herein, in an attempt to reconcile results that are superfi-
cially in conflict, but which are consistent with biokinetic understanding of
relationships between lead in water exposure and lead in blood.

Lack oF AssociATION BETweeN WLL AnD BLL WHEN LEaD IN WATER
Was REPORTEDLY Low

There are many areas in the United States (and other countries) in which
water lead concentrations are very low. This can occur in situations with
modern plumbing which has no lead pipe, lead solder, or leaded brass, and
with optimized corrosion control that can dramatically reduce lead leaching.
Some older cities with high incidence of lead pipe and lead solder have
pipes that are virtually completely lined by scale such as calcium carbonate,
which effectively eliminates contact between the lead-bearing plumbing and
the water. In such circumstances lead in water will not be a dominant, or
even a significant contributor, to overall lead exposure.

For instance, in astudy by Lubin et al. (1984) where water samples were
collected in the homes of 50 children with BLL >30 pg/dL in Columbus,
Ohio, lead in water was always low (<10 ug/L). It is believed that the water
supply in that study was atypically noncorrosive (high pH of 9.6 and high
hardness of 101 mg/L). Not surprisingly, there was no correlation between
lead in water and lead in blood, even in the presence of lead pipes at
the children’s homes. Likewise, a study in Germany (Meyer et al., 1998)
in a town where lead in tap water was extremely low (<1 ug/L) found
no significant association between lead in domestic water and in blood for
children. Another study of children’s BLL in Miami, Florida (Gasana et al.,
2006), also found no association of BLLs to WLLs (Spearman’s p = 0.03 for
flushed water samples and 0.005 for first-draw water samples). Water lead
measured in 120 homes was reportedly low (<15 ug/L), with the exception
of three homes. However, correlations between BLL and floor dust (o =
0.27) and windowsill (o = 0.28) were statistically significant (p < .05; Gasana
et al., 2006).

Another important study by Rabinowitz et al. (1985) examined the as-
sociation of BlLlLs of infants in Boston with lead in dust, soil, indoor air,
paint, and tap water. The authors found statistically significant correlations
of children’s BLL at age 24 months with lead in dust (Spearman’s p = 0.4,
p < .0001), with lead in soil (Spearman’s p = 0.3, p < .001), and with lead
in paint (Spearman’s p = 0.2, p < .01), but not with lead in water (Spear-
man’s p = 0.14, p = ns). The conclusions of that work regarding important
contributions of dust, soil, and paint to BLL are consistent with expectations.
However, analytical limitations in quantification may have masked any po-
tential contribution of WLL to BLL, if it were present. Specifically, lead in
water was quantified using anodic stripping voltammetry. This analytical
technique has recently been shown to accurately measure dissolved Pb*?,
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but to not measure particulate lead or Pb** levels in water (Cartier et al.,
2009). The latter species have recently proved to be present in drinking wa-
ter under at least some circumstances (Triantafyllidou et al., 2007), but were
not understood at the time of the Rabinowitz et al. (1985) study. Moreover,
samples were allowed to sit unacidified before analysis, which is now recog-
nized to potentially miss some of the lead present in water (M. Rabinowitz,
personal communication, December 10, 2006). Perhaps, partly because of
these issues, only very low levels of lead (3.7-7.3 ug/L) were reported for
Boston drinking water samples (Rabinowitz et al., 1985).

To provide a historical perspective for Boston, Potula et al. (1999) found
lead in water of Boston homes as high as 169 ug/L during the same time
period. Boston water, which was linked to lead poisoning via infant formula,
was reported by Shannon and Graef (1989) to contain 132 ug/L. Even as late
as 1996-2000, lead levels in first-draw tap water samples from Boston were
159 ug/L on average, and as high as 311 ug/L in the worst case for chil-
dren with elevated blood lead (State of Massachusetts, Water Quality Assur-
ance Section, Drinking Water Program, personal communication, November
2006). Even flushed water samples for lead poisoned children in the 2009
data from Massachusetts contained as high as 146 ug/L lead.

LAack OoF AssociATION BETweeN WLL AnD BLL WHEN LEAD IN WATER
wAS REPORTEDLY HIGH

Some studies have found no association between elevated lead in water and
elevated lead in blood. Key aspects of such studies are critically reviewed
herein, especially as they relate to potential limitations described in preceding
sections (see Table 10). For example, Costa et al. (1997) reported that very
high water lead levels in a public school in rural Utah (up to 840 yg/L) did not
cause EBLL. In that study, measurements of blood lead were undertaken for
only 40% of students, more than 16 days after notification of the problem and
advice to drink bottled water, during which time lead in blood could drop,
considering its half life of around one month (World Health Organization,
2000). Even though one case of elevated blood lead was identified, it was
dismissed as unrelated to water lead (Costa et al., 1997).

A CDC study reported that in 201 cases where home tap water contained
more than 300 ug/L of lead in Washington, DC, none of the individuals were
found to suffer from EBLL (Stokes et al., 2004). Another study on the same
topic cited the same data, and did not find an association between elevated
lead in water and lead in blood, concluding that there appeared to have been
no identifiable public health impact from the elevation of lead in drinking
water in Washington, DC, in 2003 and 2004 (Guidotti et al., 2007). Neither
study focused on infants, who are most vulnerable to harm from lead in wa-
ter. In addition, both studies lumped all the blood lead data for Washington,
DC, together, an approach that masked disparities among different neigh-
borhoods (Edwards et al., 2009). Finally, as mentioned previously, virtually
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no residents had been consuming tap water for months prior to having their
blood lead drawn, rendering the data useless for assessing impacts of lead
in water on lead in blood (CDC, 2010b; Edwards et. al., 2009). The no-harm
conclusion of Guidotti et al. (2007) has since been removed (Guidotti et al.,
2009).

Studies That Did Not Measure Lead in Water at Homes

Some researchers attempted to assess the contribution of lead in water to
lead in blood, without measuring lead in tap water at homes. For example,
studies occasionally relied on qualitative data obtained from questionnaires
regarding consumers’ water consumption habits (tap water vs. filtered or
bottled water) or knowledge regarding the presence of lead pipes in con-
sumers’ home plumbing. Other studies relied on lead-in-water measurements
obtained from the distribution system and not home taps, which can result
in overlooking tap water as a potentially important source.

For example, a broad Cincinnati study aimed to investigate different lead
sources and factors which result in excessive intake for children in urban
settings (Bornschein et al., 1985; Clark et al., 1985). Blood lead levels were
systematically monitored from birth through 5 years of age and a broad range
of lead sources in the children’s environment were accounted for, including
painted surfaces and dust, soil samples in outside playing area, street dirt,
and any suspicious items that the children were mouthing. Water samples
were not collected in this otherwise very thorough and definitive study.
Instead, sampling data collected by the water utility from the distribution
system, before the water even enters the service line where lead hazards
are introduced (see Figure 1), were cited as having lead concentrations
<6 ug/L (Clark et al., 1985). Exposure from water was thus deemed to
be insignificant when, in fact, samples were never collected in a manner
that would allow risks to be quantified if they were present. Historical data
from Greater Cincinnati Water Works suggest that even in recent years, with
modern corrosion control, some Cincinnati schools had tap water lead levels
above 15 ug/L, while some homes tested at 180 ug/L after partial lead pipe
replacements (DeMarco, 2004).

A study in Northern France (Leroyer et al., 2000) showed that BlLLs
doubled for children who reported consuming tap water in homes with
lead plumbing identified under the kitchen sink. In cases where lead pipes
were not visible under the kitchen sink, children drinking tap water still
had significantly higher BLLs compared with those consuming bottled water
(Leroyer et al., 2000). Leroyer et al. (2000) qualified their conclusions by
suggesting that water sampling should be conducted to more carefully assess
their findings, which relied on visual identification of lead plumbing and
qualitative answers to a questionnaire.
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Synthesis of Studies on the Association Between Lead
in Water and in Blood

Rigorous scientific studies prior to implementation of modern corrosion con-
trol provided strong links between elevated lead in water and elevated blood
lead (i.e., >10 ug/dL) of exposed populations. As would be expected based
on present understanding of dietary intake and hand-to-mouth behavior rel-
ative to significance of lead sources, impacts of elevated lead in water on
lead in blood become more significant the younger the child, with especially
high risks for children consuming reconstituted infant formula. The work of
Lacey et al. (1985) and Ryu et al. (1983) exemplifies rigorously controlled
studies that are unlikely to be improved on in the near future, and which
served as the basis for the US EPA LCR and models predicting BLL developed
by the US EPA.

Two landmark multimedia U.S. studies (Bornschein et al., 1985; Rabi-
nowitz et al., 1985), did not find any association between lead in water and
in blood for children in Cincinnati and Boston, respectively. The strong re-
lationships established in that research between lead in paint, dust, and soil
and children’s blood are not disputed, but each study had limitations or gaps
in quantifying lead in water risks.

More recent studies in Canada, Germany, the United Kingdom, and the
United States sometimes found strong associations between WLLs and BLLs,
and sometimes not. These studies reflect marked differences in the extent
of lead-in-water exposure based on plumbing materials, corrosivity of the
water, and other nuances of exposure. Some recent work by the CDC and
others that concluded very high lead in water (> 300 yg/L) did not impact
incidence of EBL in an exposed population has been reanalyzed, corrected,
or clarified (CDC, 2010b; Edwards et al., 2009; Edwards, 2010; Guidotti et al.,
2009; Miller, 2010). That work is no longer inconsistent with decades of prior
research. Other work has demonstrated strong links between lead in water
and lead in blood even at much lower levels of lead in water exposure, in sys-
tems conducting optimized corrosion control or its equivalent (Englert et al.,
199%4; Fertmann et al., 2004; Lanphear et al., 2002).

VI, SUMMARY AND CONCLUSIONS

As efforts shift from addressing pervasive lead sources that elevate the blood
lead of large percentages of the population, to more isolated individual
cases requiring exceptional attention, it will be necessary to more carefully
consider lead in water as a potential source.

Although routine blood lead monitoring and environmental assessments
are not designed to detect lead in water hazards when present, several recent
cases of elevated blood lead in the United States and other countries have
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been attributed to lead-contaminated drinking water. Existing U.S. regula-
tions and guidelines have not eliminated lead in water hazards in systems
served by public water supplies, schools, day cares, and privately owned
homes.

Lead in drinking water originates from lead-bearing plumbing materials,
which undergo corrosion reactions, and may severely contaminate the wa-
ter supply. Contrary to popular belief that lead-in-water problems invariably
decrease as water systems age and rust/scale develops on pipes, problems
with sporadic detachment of rust/scale on lead-bearing plumbing might cre-
ate acute human health risks that are hard to detect and link to elevations
of lead in blood. Up to 81 million U.S. homes are estimated to be at po-
tential risk due to the presence of lead pipe and lead solder, and even new
homes can occasionally experience high lead from brass/bronze plumbing.
The occurrence of particulate lead in U.S. drinking water has not been ad-
equately examined, but case studies suggest that the highest doses of lead
are associated with the presence of particulate (and not dissolved) lead in
tap water.

When water lead measurements are not available at high-risk taps, or
when they fail to quantify the actual lead content of drinking water, corre-
lations of water lead with health risks may be missed. A strong association
between lead in water and lead in blood has been documented through
decades of prior scientific research. Epidemiological studies in the United
States, the United Kingdom, Germany, France, and Canada indicate that ele-
vated lead in water can occasionally be the dominant, or a major contributor,
to elevated blood lead. Re-evaluation of the public health risk from lead in
water, with emphasis on particulate lead and sensitive subpopulations, is
timely considering forthcoming revisions to the LCR and acknowledged de-
ficiencies in addressing lead in school drinking water.

IX. RESEARCH NEEDS

This literature review highlighted the need for additional research on lead
occurrence in tap water and associated public health risks. Specifically, the
occurrence of lead in drinking water at U.S. schools needs to be systemat-
ically monitored, using sampling protocols that will allow identification of
the source(s) of potential problems and development of concise remedial
actions. Detailed case studies on lead-in-water at schools could then be syn-
thesized, and serve as a guide for schools that encounter similar problems
in the future.

The effects of sampling protocol (e.g., flow rate, cold vs. hot water)
and sample handling (e.g., sample preservation and holding time) on lead
detection need to be evaluated for all situations including schools, homes,
and other buildings. Subtle differences in sample collection procedures can
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either detect or completely miss lead spikes, especially when problems with
particulate lead in water are important. The occurrence of particulate lead
spikes in U.S. drinking water needs to be better characterized because it may
result in intermittent exposures of acute health concern, which can easily go
undetected. Acute health effects from lead in water, concentration of lead
in food, and potential exposure to elevated lead from hot water deserve
explicit consideration.

Old lead service lines are a major contributor to lead levels at the tap,
when they are present. Partial replacements of lead service lines in response
to provisions of the LCR, as a means of reducing lead-in-water exposure,
require re-evaluation in light of preliminary data showing short- and long-
term problems with lead spikes and increased risks of elevated blood lead
in children. Laboratory studies quantifying the long-term impacts in a range
of waters, as well as the cost and benefit of the procedure, are necessary.
Likewise, evaluation of impacts from newly installed leaded brass plumbing
devices is also needed.

Past approaches in modeling health impacts from elevated lead in water,
based on prediction of the geometric mean BLL, were useful when consid-
ering impacts on populations. But as society shifts its concern to tracking
and addressing individual cases of childhood lead poisoning, modeling ap-
proaches need to consider and predict impacts on susceptible individuals
exposed to the highest sampled lead in water concentrations.
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